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URIFORMITY OF PROTON BEAMS AVAILABLE AT THE 

NASA SYNCHROCYCLOTRON (SREL) 

* JI+ 
Gerald F. H i l l  * W i l l i a m  C. Honakef, and K. E. Kim 

The National Aeronautics and Space Administration (NASA) has i n  operation 

a space rad ia t ion  e f f ec t s  research f a c i l i t y  t h a t  is sui tably designed fo r  

radiat ion biology research. 

simulating the  space radiat ion environment, is the f a c i l i t y ' s  major machine. 

Space rad ia t ion  simulation is achieved by degrading e i the r  of the  two primary 

extracted proton beams having measured energies of 595 MeV and 325 MeV. 

The primary extracted beams a re  degraded t o  lower energies by using copper 

absorbers located i n  the  magnet h a l l  of the  f a c i l i t y  (see f igure 1). 

beams having energies from 595 MeV t o  approximately 30 MeV can be obtained 

a t  the t a rge t  position. 

A 600 MeV proton synchrocyclotron, capable of 

Proton 

Both smal l  and large area beams are  available over a wide energy range. 

The f i n a l  beam configuration a t  the t a rge t  position, however, is dependent 

upon the  o p t h i t a t i o n  of some 25 magnets located i n  the  proton beam transport  

system (P,B.T,S.) , 

study was i n i t i a t e d  and recently completed. 

cha rac t e r i s t i c s  of approximately 30 beam configurations and includes such 

Because of t h i s ,  an extensive proton beam characterization 
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parametere as proton beam energy, energy spread, intensi ty ,  i n t en r i ty  p ro f i l e ,  

repeatabi l i ty ,  and area. 

The resu l t s  reported here are primarily re la ted  t o  large area beams 

which a re  of interest t o  experimenters rtudying the radiat ion e f fec t8  of 

protons on animals, Uniformity of several  large area beams is discus8ed 

i n  terms of dose rate ( r a d r h i n )  i n  muscle. 

EXPERIMENTAL HET€KIDS 

I. Monitoring Techniques 

Fo i l  act ivat ion is considered one of the best  technique8 for  determining 

The C 1 2  (p,pn) C1’ react ion i s  widely high energy proton beam in tens i t ies .  

used since the  cross sect ion i e  known t o  within f 5% over an energy range of 

50 MeV t o  the G e V  region (ref.  1). 

positron emission with a h a l f - l i f e  of 20.5 minutes and a maximum energy of 

0,968 MeV, 

The induced Crl atoms decay t o  Bl1 by 

For t h e  determination of absolute C” a c t i v i t y  induced in a polystyrene 

The emitted ta rge t ,  a gcmnma counting system was chosen €or t h i s  experiment. 

positrons were #topped i n  an aluminum capsule surrounding the polystyrene 

disc. 

with a NaI(T1) crys ta l ,  

Caprms rays produced by positron annihi la t ion were then counted 

Horizontal and v e r t i c a l  p ro f i l e s  of the  ma11 area,  high in tens i ty  

beams were obtained by scanning t h e  beams with a s i l i c o n  diode (ref ,  2 and 3). 

Figure 2 is the  horizontal  p ro f i l e  of the  small area 325 MeV proton beam. 
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I f .  Calibration of Detector System 
I 
I Several precision gamne standard sources with accuracies of f 1 - 2 

' percent were used for  cal ibrat ion of the 3" x 3" NaI(T1) c rys t a l  detector 
I 

, system. Nominal source-to-detector distance6 of 0 ,  5 and 10 an were chosen 
I 

1 
I 

depending on the  source strength of each disc. 

, Crystal eff ic iency was determined fo r  each sample s ize  and each source- I 

to-detector distance. Since the samples used were not point sources, 

corrections were made in the  cal ibrated e f f ic ienc ies  and were found t o  be 

1.5 percent fo r  the 1" diameter samples. 
I 

From the above cal ibrat ions i t  wae possible t o  deternine t h e  number of 

g a m  rays being emitted from a source a t  80me distance,  0, 5 or  10 cm. 

I 111. B e r n  Set-Up and I r rad ia t ion  

Two methods were used t o  obtain large area beams a t  the target  position. 

The preferred technique, because of lower background radiation, employed 

magnet defocuslng and was used for  the majority of the beams. 

sca t te r ing  method w a s  used for  the f ive  larger area beams i n  order t o  obtain 

higher i n t ens i t  ies. 

The coulomb 

Lower energy beams were obtained by arrangements of both beam degraders 

In  the t ransport  system and magnet defocusing. 

been spent in obtaining uniform, large area beams covering a wide energy 

range . 

Very tedious e f f o r t s  hsve 

Polystyrene samples with a diameter of 1'' and 1/8" thick were placed 

i n  the beam area t o  monitor the ve r t i ca l  8nd horizontal  beam profile.  

samples were i r radiated for  three half l ive8  (61.5 min.) and t h e  induced 

a c t i v i t y  counted for  a l i ve  time of one minute  on the pulse height analyzer. 

These 
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I V .  Dore Determination 

The t o t a l  a c t i v i t y  from an i r radiated d isc  is given by: 

where No - number of C12  atoms/cm2 

u - cross  section for  ~ 1 2  (p,pn) ~ 1 1  react ion 

o(t) = protonr/sec 

X = 0*693 I 0.0338~nIn.-~ (T 1/2 = 20.5 ain.) 
T 1/2 

t = duration of i r rad ia t ion  i n  minutes 

By integrating the peak arsociated with the 0.511 MeV geprpa rays and 

using the ca l ibra t ion  data, one can eas i ly  determine fo r  each disc. 

The only unknown quantity is  therefore P(t) which is  calculated from knowing 

a l l  of the other parameters. After a(t) is determined, i t  is then possible 

t o  determine the  flux per un i t  area per uni t  time, - dP - P . There- 
d t  cmL sec 

fore,  dose rate can be calculated by using the  following r e l a t ion  (ref. 4): 

a = 1.6 x loo8 x &! x rads/sec 
d t  d t  

1 MeV where 1.6 x loo8 rad = - 
gnr 

(t 4 - mass stopping power for  the absorbing nuterial, i n  
Bev . cm2, for  protons of energy E m e 9 .  

&m 

Dose ra te r  i n  muscle were calculated i n  t h i s  manner fo r  a l l  Of the  

beams considered and are discussed i n  de t a i l .  
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?. Diecmsion of Errors 

I The la rges t  e r ro r  involved i n  the aforementioned technique for  proton 

1 

I 

beam monitoring is i n  the uncertainty of the value of cross sect ion for  the 

C12 (p,pn) C1l reaction. 
I 

This e r ro r  i s  reported t o  be approximately f 5 per- 

, cent over the energy range considered (ref. 1). 

I Several invest igators  (ref. 5 ,  6) have reported a loss  of a c t i v i t y  i n  

t h i s  technique due t o  the d i f fur ion  process of C l 1  atoms i n  a gaseous form. 

As much as a 15 percent loss  has been reported fo r  very t h i n  samples. 

the loss of a c t i v i t y  fo r  the thick samples used i n  t h i s  experiment was found 

t o  be l e s s  than 0.5 percent. 

I 

Nowever, 

A l l  standard y-sources were cal ibrated t o  an accuracy of f 2 percent o r  

' bet ter .  
I 

Although care was taken i n  evaluating the 0.511 MeV peak, a f 3 percent 

e r ror  was assigned fo r  counting and evaluating the area of t h e  peak. 

A f 2 percent e r ro r  was involved because of absorption of the 0.511 MeV 

gammas ray i n  the polystyrene d isc  and aluminum capsule. 

The proton beam in tens i ty  fluctuation was measured to  be f 2 percent during 

the i r r ad ia t ion  of the  discs. 

secondary emission chamber during the i r rad la t  ion. 

This was checked by monitoring the beam with a 

Other e r ro r s  such as inaccuracy i n  the number of C12 atosDs/cm2, time 

measurements, etc.  were estimated t o  be f 2 percent. 

e r ror  was calculated t o  be f 8-10 percent. 

Therefore, the overa l l  

The contribution of the C12 (n, 2n) C1l react ion t o  the t o t a l  sample 

a c t i v i t y  was found t o  be negligible for  the energies considered. 
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DISCUSSION OF RESULTS 

I, Urge Area Bems Obtained by Magnet Defocusing 

Host of the large area beams were obtained by degrading the 325 MeV 

beam in bemo degrader #l (BD-1) and blowing up the  lower energy beam by 

defocusing the  last pa i r  of quadrupole6 in the tranrport  system. 

show6 a horizontal scan of the  325 MeV beam taken in the  combined ta rge t  

area (C.T.A.) a t  the ta rge t  posi t ion 10 fee t  from beam monitor #4 (BM-4) 

exit window. Incidently, both proton and electron beams are available i n  

the C.T.A. The scan was made with a 8 i l icon  diode, Since the p r o f i l e  of 

t h i s  i n i t i a l  beam is approximately Gaussian, it would seem tha t  the prof i lea  

of any larger area beams obtained with t h i s  beam would be Gaussian. 

was found to  be the case for  a l l  of the  large area beams. 

Figure 2 

This 

Figure 2 show6 a horizontal  p ro f i l e  of two 225 XeV large area beams 

taken a t  10 f ee t  and 25 fee t  from BM-4 exi t  window in t h e  C,T.A. Zxperi- 

mental point8 are  represented by t h e  black dot6 and a f 10 percent i n  dose 

r a t e  is shown with ve r t i ca l  e r ror  bars. Calculation6 showed tha t  the e r ro r  

i n  the dose measurements for  large dose rates vas i 8  - 10 percent. Therefore 

the f 10 percent e r ror  i n  dose rate, as indicated by the v e r t i c a l  e r ror  bars, 

was used for convenience i n  the calculat ion and p lo t t ing  of a l l  data points. 

HOwever, in r e a l i t y  the e r ro r s  a re  greater  fo r  the lower dose rates, because 

of the low counting rates. The horizontal  e r ro r  bars represent the width of 

t h e  polystyrene disc ,  which i n  most cases was one inch. A best f i t  

Gaussian curve was determined for  each large area beam and the equations 

a re  given on each figure in terms of dose rate a s  a function of posit ion 

i n  the proton beam. Only horizontal  p ro f i l e s  a re  shown since the  ve r t i ca l  
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prof i lee  were rioaf'rar. 

similar ,  it is  possible t o  calculate ,  using the available equations, dose 

rate fo r  a given s ize  ta rge t ,  i f  the position r e l a t i v e  t o  the  beam pipe 

center is known. 

Since the vertfzsl am? hcrizmtal pmfllerr were 

The f u l l  width a t  half  maxlmm 0 is seen t o  be 4.5" for  the 

225 MeV beam a t  the 10-foot posi t ion and 7.1" a t  the 25-foot position. 

Knowing these two values one may es the te  the FWEM, and dose rate available,  

for  distances between 10 and 25 feet. The dose r a t e  per uni t  area is seen 

t o  be higher a t  the 10-foot posit ion than it is a t  the 25-foot position. 

This is expected, however , because of beam spreading. 

Figure 4 shows horizontal  p rof i les  of a 75 MeV large area beam taken 

10 fee t  and 25 fee t  from BM-4 ex i t  window. The FURM is 5.8" for  the 10- 

foot posi t ion and 15.6" a t  the 25-foot position. 

uniform charac te r i s t ics  and are f i t t e d  w i t h  Gaussian equations. 

Both beams show very 

11. Large Area Beams Obtained by Coulomb Scattering 

Five large area beams were obtained by two methods of Coulomb scattering. 

Figure 5 shows two large area beams obtained by Coulomb scattering. Curve 1 

shows a horizontal  p ro f i l e  of a 142 MeV beam which was obtained by degrading 

the 325 MeV beam i n  BD-1 t o  an energy of 225 MeV. The 225 MeV beam was then 

traasported t o  the copper absorbers placed on the e x i t  window of BH-4 and 

Coulomb scat tered t o  a large area. 

beam obtained by degrading the f u l l  energy 325 MeV beam using copper absorbers 

placed on e x i t  window of BM-4. 

obtained by magnet defocusing of a 155 MeV beam leaving BD-1. 

Curve 2 shows a 146 MeV Coulomb scattered 

Curve 3 shows B 155 MeV large area beam 

These three 

beams are  approximately the same energy and are compared t o  point out t ha t  
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and are larger in area than the beams obtained by magnet defocusing. Note I 

a lso  tha t  each of these beams are  Gau66ian and equations are given In terms 

of dose rate. 

Table I is a slmDmary of a l l  large area beams obtained a t  SREL. 

111. Repeatabilitp 

Since there  a re  many parameters associated with a given beam condition, 

it was necessary t o  determine i f  the optimum condition8 obtained were 

repeatable, 

repeated again for  comparison. 

was suff ic ient  fo r  repea tab i l i ty  rtudies. 

taken. 

experimental accuracy) i n  terms of beam area and dose rate .  

Prof i les  were determined fo r  several  large area bema and then 

A time period of several  days between tuns 

Pictures  of the beam6 were also 

The e n t i r e  syrtem was found t o  be remarkably repeatable (within 

CONCLUSIONS 

The NASA Space Radiation Effects Laboratory (SREL) has a unique 

capabi l i ty  i n  producing both emell  and large area beams having energies from 

59s MeV - 30 MeV. 

meet the requirements for  radiat ion biology experiments. 

area beams a r e  uniform and repeatable. 

Dore rates a re  available over a wide energy spectrum t o  

A l l  of the large 

Several investigators have used the avai lable  large area beams t o  

I r rad ia te  mice, rabbi t s  and monkeys. 
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